Helicobacter pylori is a human gastric pathogen which is extremely well adapted to its unique habitat. Crucial for the survival under the acidic conditions prevailing in the stomach is the enzyme urease. Transcriptome analysis has shown that transcription of a large number of genes responds to the exposure of H. pylori to acid including the genes encoding the urease subunits UreA and UreB as well as several genes which have been previously identified as target genes of the two-component system HP166-HP165. Here, we provide genetic evidence that a stimulus perceived by the histidine kinase HP165 is pH since increased transcription at acidic pH from the promoters controlling the expression of the ORFs hp119 and hp1432 which belong to the HP166-HP165 regulon is strictly dependent on the presence of histidine kinase HP165. Furthermore, we show that the basal transcription from the promoter of the ureA gene is modulated by the HP166-HP165 two-component system in response to acidic pH. On the other hand, the acid-induced increase in transcription of the promoter directing the expression of the orphan response regulator HP1021 is not controlled by the HP166-HP165 two-component system, nor is it mediated by HP1021 itself.
Introduction
Helicobacter pylori is a human gastric pathogen which is the major cause of chronic superficial gastritis and peptic ulcer disease. In addition, persistent infection with H. pylori which, if untreated, lasts for the lifetime of the infected individual predisposes to gastric malignancies like adenocarcinoma and mucosa-associated lymphoid tissue (MALT) lymphoma [1, 2] . So far no environmental reservoir of the bacteria has been detected and transmission is assumed to occur between humans via the oral/oral or faecal/oral route [3] . The concept of the human stomach being the unique habitat of H. pylori is in accordance with the observation that this organism has a very restricted repertoire of regulatory genes [4] , since the analysis of 60 published bacterial genome sequences revealed a clear correlation between the number of regulatory genes, especially those encoding two-component systems, and genome size and the degree of specialization of the microorganism to a particular niche [5] . Containing only three histidine kinases and five response regulators involved in transcriptional regulation [4, 6] H. pylori is among the organisms with the lowest number of twocomponent systems whose genome sequences have been characterized so far. Only a few target genes which are regulated by the two-component systems in H. pylori have been identified, while the environmental stimuli sensed by these systems remain completely unknown.
A unique feature of the neutralophilic bacterium H. pylori is its ability to survive in the extremely acidic environment of the stomach. Although the pH of the mucus layer overlaying the gastric epithelium which is the niche of H. pylori is thought to be more neutral, it seems likely that after the initial colonization phase which requires transit of the stomach lumen H. pylori still encounters pH fluctuations as a consequence of changes of the luminal pH ranging from 1.0 during starvation to 5.0 in the digestive phase [7] . Essential for the survival of H. pylori at low pH is urease. This enzyme is a nickel-containing hexameric heterodimer composed of the subunits UreA and UreB which hydrolyses urea leading to the formation of ammonia and carbon dioxide which buffer the cytoplasm and periplasm of the bacteria [8] [9] [10] . The enzymatic activity of urease is controlled by the inner membrane pH-gated channel UreI which regulates the access of the substrate urea to the bacterial cell in response to acidic pH [11] [12] [13] . Both urease and the channel protein UreI proved to be essential for colonization in several animal infection models [14] [15] [16] [17] [18] . However, additional mechanisms of pH homeostasis seem to contribute to acid adaptation in H. pylori [19, 20] .
Global transcriptome analysis of H. pylori demonstrated that the expression of a large number of genes is regulated in response to acidic pH [21, 22] , including ureAB, ureI and the accessory genes ureEFGH whose products are involved in the assembly of nickel into the urease apoenzyme [23] . Interestingly, several genes belonging to the regulon controlled by the two-component system HP166-HP165 were also shown to be acid-regulated [21, 22] . The HP166-HP165 regulon has been characterized previously by a magnetocapture assay using the recombinant response regulator protein HP166 [24] and by transcriptome analysis of H. pylori strains lacking the histidine kinase gene hp165 which were grown on blood agar plates [25] . It comprises several genes encoding proteins of unknown function whose transcription is either induced or repressed by the phosphorylated response regulator HP166 (HP166-P) as well as the negatively regulated genes hp725 and rocF encoding an outer membrane protein and an arginase, respectively. The promoters of the positively regulated ORFs hp1408 and hp119 encoding H. pylori-specific proteins of unknown function ðP 1408 and P 119 , respectively) and of ORF hp1432 encoding a histidine-rich protein ðP 1432 Þ have been characterized in some detail [24, 25] . Other target genes are probably controlled by HP166 in its unphosphorylated state, since hp166 is an essential gene while the cognate histidine kinase HP165 is easily dispensable under in vitro culture conditions [26, 27] . By the above-mentioned observations regarding acid regulation, we were prompted to analyse whether the histidine kinase HP165 is involved in pH sensing. We show that acid induced transcription from the P 119 and P 1432 promoters is strictly dependent on the presence of the histidine kinase and that the two-component system HP166-HP165 modulates the expression of the ureAB genes in response to low pH. However, additional control mechanisms have to be involved in acid regulation since the transcriptional response to low pH of the orphan response regulator gene hp1021 of H. pylori which had been detected by transcriptome studies [21] is not affected by the HP166-HP165 two-component system.
Materials and methods

Bacterial strains and growth conditions
The bacterial strains and plasmids used in this study are listed in Table 1 . H. pylori G27 and 26695 are clinical isolates [28, 29] . Strains H. pylori G27/HP165::km and G27/P 1408 -gfp have been described previously [24, 26] . Strain H. pylori 26695/HP1021::km was constructed by electrotransformation of strain 26695 with the suicide plasmid pSL-1021::km [26] . Electroporation was performed essentially as described by Ferrero et al. [14] . When recovered from frozen stocks, the H. pylori strains were grown under microaerophilic conditions (Oxoid) on Columbia agar plates containing 5% horse blood, 0.2% cyclodextrin and Dent's or Skirrow's antibiotic supplement at 37°C for two or three days. After passaging on fresh plates, bacteria were cultured in a 5% CO 2 /95% air atmosphere at 37°C. Liquid cultures of H. pylori were grown under microaerophilic conditions (Oxoid) in brain heart infusion (BHI) broth containing Dent's or Skirrow's antibiotic supplement and 10% fetal calf serum (FCS). When required, blood agar plates or liquid broth were supplemented with chloramphenicol or kanamycin in a final concentration of 20 lg/ml. Acid exposure experiments were performed as follows: bacteria from a liquid culture were harvested at an OD 590 of 0.8 by centrifugation and were resuspended in BHI broth containing FCS and antibiotic supplement whose pH had been adjusted to pH 5.0 with hydrochloric acid. Incubation at 37°C under microaerophilic conditions was continued for 1 h. E. coli DH5a was grown in Luria-Bertani (LB) broth. When necessary, antibiotics were added to the following final concentrations: ampicillin 100 lg/ml, kanamycin 50 lg/ml and chloramphenicol 30 lg/ml.
General techniques
Polymerase chain reaction (PCR) amplifications, DNA manipulations and cloning procedures were carried out according to standard protocols. Cycle sequencing was performed using the Abi Prism TM Dye Terminator Cycle Sequencing Ready Reaction Kit (Abi Applied Biosystems) and the sequencing reactions were run on a 373A sequencer (Abi Applied Biosystems). Manual sequencing was performed using the T7 Sequencing TM Kit (Amersham Biosciences). (Table 2) generating a 740-bp XbaI-PstI DNA fragment which was cloned into pSL1180 vector DNA (Amersham Biosciences) together with a 217-bp BamHI-XbaI DNA fragment containing the promoter of the cagA gene ðP cagA Þ which was PCR-amplified with primer pair Pcag-5/Pcag-3. The 957-bp BamHI-PstI fragment comprising the P cagA -hp166 fusion was excised and was cloned into pSLcag AD digested with BamHI and PstI. Finally, the resulting plasmid was linearized with PstI and ligated with a 805-bp chloramphenicol resistance cassette of Campylobacter coli [30] , yielding pSL-P cagA 166cag. Natural transformation of H. pylori G27 and G27/ HP165::km was performed as described previously [31] and yielded strains G27/P cagA 166 and G27/P cagA 166D. Transformants were checked for the correct integration of the P cagA -hp166 gene fusion into the cag locus by PCR analysis performed with primer pairs flanking the integration site.
RNA isolation, primer extension analysis, 5
0 -RACE and RT-PCR Helicobacter pylori RNA was isolated from bacteria grown to the logarithmic phase in liquid broth by using TRIzol reagent (Invitrogen) according to the manufacturers protocol. Primer extension analysis was performed essentially as described previously [31] . Briefly, 0.5 pmol of c 32 P -end-labelled oligonucleotides, HP119PE, gfpPE, HP1432PE, HP166PE, HP1018PE and ureAPE, respectively, were ethanol-precipitated pSL-P cagA 166cag pSL1180 containing a 926-bp BamHI-PstI fragment comprising a fusion of the P cagA -promoter to ORF hp0166 and a chloramphenicol resistance cassette which are flanked by 830 and 862 bp DNA fragments derived from the cag locus of H. pylori G27
This work pSL-119PE2 pSL1180 containing a 700-bp DNA fragment from H. pylori G27 with similarity to the promoter and part of the coding region of ORF hp119 in H. pylori 26695 [24] pSL-166PE pSL1180 containing a 549-bp DNA fragment from H. pylori G27 comprising the promoter region and part of the coding DNA of ORF hp166 [24] pUC-1019PE pUC18 containing a 635-bp DNA fragment from H. pylori G27 comprising the promoter and part of the coding region of ORF hp1019 which was PCR-amplified with primer pair 1019-5/1019-3
This work pSL-1432PE pSL1180 containing a 427-bp DNA fragment from H. pylori G27 comprising the promoter and part of the coding region of ORF hp1432 which was PCR-amplified with primer pair 1432-5/1432-3
This work pSL-P 1408 -gfp/km pSL1180 carrying the kanamycin resistance cassette flanked by a fusion of a 287-bp DNA fragment derived from the promoter region of ORF hp1408 to the gfp-mut2 gene and a 504-bp DNA fragment derived from ORF hp1409 [24] with 30 lg of RNA. The nucleic acids were resuspended in 10 ll reverse transcriptase buffer (Roche Applied Sciences) containing 0.4 mM dNTPs and the samples were heated to 90°C for 1 min. Twenty units of AMV reverse transcriptase (Roche Applied Sciences) was added and the reaction mixtures were incubated for 45 min at 45°C. After RNase A treatment and phenol-chloroform extraction, the mixtures were ethanol-precipitated, the dried cDNAs were suspended in 8 ll of sequencing dye (Amersham Biosciences) and the samples were subjected to gel electrophoresis on a 6% urea-PAA-gel. Quantification of the signals from the primer extension products was performed using a Typhoon 9200 Variable Mode Imager (Amersham Biosciences) and ImageMaster TotalLab Software (Amersham Biosciences). 5 0 -RACE experiments were performed using the 5 0 -RACE System for Rapid Amplification of cDNA Ends, Version 2.0 (Life Technologies) according to the manufacturers instructions. RT-PCR experiments were performed as follows: 1 lg of H. pylori RNA was incubated with 20 pmol of primer oligonucleotide for 5 min at 65°C. After 10 min of incubation at room temperature, the reaction volume was adjusted to 50 ll 1Â reaction buffer (Stratagene) containing 2 mM dNTPs, 10 mM DTT, 28 U RNase inhibitor (Amersham Biosciences) and 20 U of M-MuLV reverse transcriptase (Stratagene), and the reaction mixture was incubated for 1 h at 37°C. Five microliters of the reaction mixture was used as template in a standard PCR amplification reaction with appropriate primer pairs. PCRs with chromosomal DNA and with RNA as template were performed as controls (Table 2 ).
Results
3.1.
Acid-induced transcription from the P 119 and P 1432 promoters is mediated by the HP166-HP165 two-component system
The observation that the transcription of ORFs hp119 and hp1432 which belong to the HP166-HP165 regulon was induced by the exposure of H. pylori to a pH of 5.0 [21] prompted us to investigate whether acid regulation of these genes was mediated by histidine kinase HP165. Since we had shown recently that response regulator HP166 binds to the P 1408 -promoter [24] , we also tested the acid responsiveness of this promoter. H. pylori strains G27 and G27/HP165::km carrying a deletion of the histidine kinase gene hp165, as well as H. pylori G27/P 1408 -gfp containing a fusion of the P 1408 -promoter to a promoterless gfp gene [24] were grown to the logarithmic growth phase in standard broth. Then the bacteria were shifted to BHI/FCS whose pH had been adjusted to 5.0 and incubation was continued for 60 min. In parallel strains G27 and G27/P 1408 -gfp were cultured under standard growth conditions for the same total period of time as the bacteria which were subjected to acid exposure. RNA was prepared and equal amounts of RNA were used in primer extension experiments with primers HP119PE, HP1432PE and gfpPE which are specific for ORFs hp119, hp1432 and the gfp gene, respectively. As shown in Fig. 1A and B acid-induced transcription of hp119 and hp1432 is directed from the same promoters which are used under standard growth conditions [24, 25] and is strictly dependent on the presence of histidine kinase HP165, indicating that this histidine kinase is a sensor of pH. In keeping with this hypothesis is the observation that transcription from the P 1408 -promoter is also induced in response to acidic pH (Fig. 1C) .
To provide further evidence that transcription from the P 119 and P 1432 promoters is regulated by the HP166-HP165 two-component system, we analysed the expression of hp119 and hp1432 in a derivative of H. pylori G27 overexpressing the response regulator gene constitutively under control of the P cagA -promoter which directs the transcription of the cytotoxin associated gene A [32] . Overexpression of HP166 in strain G27/P cagA 166 was demonstrated on the transcriptional level by primer extension analysis with a hp166-specific oligonucleotide and is about sevenfold (Fig. 2) . Primer extension analysis demonstrated that, as expected, transcription from the P 119 -and P 1432 -promoter is increased in strain G27/P cagA 166 grown under standard culture conditions (Fig. 3) . Even under the artificial conditions of response regulator overproduction, the presence of the histidine kinase HP165 is a prerequisite for efficient transcription from the P 119 -promoter since a hp119-specific transcript was not detectable in a derivative of strain G27/P cagA 166 lacking the histidine kinase gene hp165 (Fig. 3A) . In case of the P 1432 -promoter, high concentrations of HP166 result in low-level transcription in the absence of hp165, while deletion of the Fig. 1 . Analysis of transcription from the P 119 -, P 1432 -, and P 1408 -promoter in H. pylori strains grown at neutral pH and exposed to pH 5.0. Primer extension experiments were carried out with equal amounts of total RNA extracted from H. pylori G27 grown at neutral pH (lane 1) and strains G27 and G27/HP165::km which were exposed to pH 5.0 for 60 min (lanes 2 and 3) using the radiolabelled oligonucleotides HP119PE (A) and HP1432PE (B) specific for ORFs hp119 and hp1432, respectively. Oligonucleotide gfp PE was hybridized to total RNA extracted from strains G27/P 1408 -gfp grown at neutral pH (lane 1) or exposed to pH 5 (lane 2) and primer extension analysis was performed (C). Transcriptional start points are indicated by arrows. Sequencing ladders (lanes T, G, C and A) were obtained by annealing the same primer oligonucleotides which were used in the primer extension reactions to plasmid DNAs pSL-119PE2, pSL-1432PE and pSL-P 1408 -gfp/km, respectively. Fig. 2 . Analysis of the transcription of ORF hp166 in strains H. pylori G27 and G27/P cagA 166. Primer extension analysis was performed with the radiolabelled oligonucleotide HP166PE on equal amounts of RNA extracted from H. pylori G27 (lane 1) and G27/P cagA 166 (lane 2) grown at neutral pH. The open arrow indicates the hp166-specific transcript initiated from the innate P 166 -promoter, the black arrow indicates the transcript from the P cagA -promoter expressing the second copy of hp166. The sequencing ladder (lanes T, G, C and A) was generated using primer HP166PE and plasmid pSL-166PE as template.
histidine kinase gene in H. pylori G27 causes a lack of transcription from this promoter ( Fig. 1B ; [25] ). We conclude that in the G27 wild-type, only HP166-P efficiently initiates transcription from the P 119 , P 1432 and P 1408 promoters and that the phosphorylation state of HP166 is modulated by pH via the enzymatic activity of histidine kinase HP165. The P 119 , P 1432 and P 1408 promoters share a consensus motif for the binding of HP166 ( Fig. 4; [24] ) but obviously differ in their affinity for the response regulator protein.
Transcription of ureAB is modulated by the HP166-HP165 two-component system in response to acidic pH
Global transcriptome analysis revealed increased expression of the ureAB genes encoding the subunits of the urease enzyme in response to exposure of H. pylori to acidic pH [21] . To investigate whether the two-component system HP166-HP165 was also involved in the regulation of urease expression, we analysed transcription of ureAB by primer extension using RNAs from strains G27 and G27/HP165::km which had been grown at pH 7 or which had been exposed to pH 5 for 60 min. As shown in Fig. 5A transcription of urease at pH 7 in the histidine kinase mutant G27/HP165::km is about 60% that of the wild-type level suggesting a modest effect of the two-component system HP166-HP165 on the basal expression of urease. Acid-induced transcription of ureAB resulting in a tenfold increase in the amount of transcript is directed by the same promoter (P ureA ) which is active in cells grown at neutral pH [33] . In the mutant G27/HP165::km, only a slight increase in ureAB transcript is observed indicating that the two-component system HP166-HP165 modulates the transcription of ureAB in response to acid (Fig. 5A). 3.3. Acid-induced transcription from the P htrA -promoter directing the expression of response regulator HP1021 is independent of the histidine kinase HP165 and the response regulator HP1021
Merrell et al. [21] have shown that transcription of the orphan response regulator gene hp1021 is increased in response to acidic pH, while a similar study reported repression of transcription of hp1021 at low pH [22] . Genome organization suggests that hp1021 is part of an operon comprising also the htrA gene (hp1019) encoding a serine protease and ORF hp1020 encoding a protein of unknown function [4, 6] . In the annotation of the Fig. 3 . Analysis of transcription of ORFs hp119 (A) and hp1432 (B) in H. pylori strains G27, G27/P cagA 166 and G27/P cagA 166D by primer extension. Equal amounts of total RNA were hybridized with the radiolabelled oligonucleotides HP119PE and HP1432PE, respectively. Fig. 4 . Alignment of the promoter sequences of ORFs hp1408, hp119 and hp1432. Black shading marks the nucleotides which make up the consensus motif for binding of response regulator HP166 in the P 1408 and P 119 promoters as mapped by DNase I footprint experiments. The region protected from DNase I digestion is indicated by a black bar [24] . Grey shading in the P 1432 -promoter [25] marks sequence similarities with this response regulator binding motif. The )10 promoter elements are boxed and the transcription initiation sites are shown. genome sequence of H. pylori 26695 probably due to a sequencing error the htrA gene is split into ORF hp1018 encoding the N-terminal 40 amino acids of the serine protease and ORF hp1019 which encodes the remainder of the protein [4] . To analyse whether htrA, hp1020 and hp1021 are indeed cotranscribed we performed RT-PCR experiments on RNA extracted from H. pylori G27.
Reverse transcription was primed with oligonucleotide 1021-RT specific for ORF hp1021 and the resulting cDNA was used as template in PCRs with primer pairs 1020-3 0 /1021-RT and htrA-3 0 /1020-5 0 which were designed to yield DNA-fragments of 350 and 349 bp covering the 3 0 -and 5 0 -parts of the adjacent genes. As shown in Fig. 6 , PCR fragments of the expected size were obtained indicating that htrA, hp1020 and hp1021 are in fact transcribed as a polycistronic mRNA. Upstream of htrA the rocE gene encoding lactate permease is located at a distance of 50 bp in the same transcriptional orientation. When cDNA prepared with oligonucleotide HP1018PE was used as template in a PCR with primers rocE-3 0 and HP1018PE derived from the 3 0 -part of rocE and the 5 0 -part of htrA, no PCR product could be detected suggesting that these genes are transcribed separately. To define the promoter (P htrA ) of the htrA-hp1020-hp1021 operon 5 0 -RACE and primer extension experiments were performed. By 5 0 -RACE experiments the transcriptional start site was mapped to position )42 with respect to the translational start codon of htrA (i.e., hp1018 in the genome annotation of H. pylori 26695). This initiation site corresponds to a consensus TATAAT )10 promoter element located in the 3 0 -part of the upstream rocE gene. However, primer extension experiments revealed a slightly different initiation site at position )46 which does not correspond to Fig. 6 . RT-PCR performed on RNA extracted from H. pylori G27. cDNA synthesis was primed with oligonucleotide 1021-RT specific for ORF hp1021. PCRs were performed with chromosomal DNA of H. pylori G27 (lanes 1 and 3) and cDNA (lanes 2 and 4) as template using primer pairs 1020-3 0 /1021-RT and htrA-3 0 /1020-5 0 which were designed to yield DNA-fragments of 350 and 349 bp, respectively, covering the 3 0 and 5 0 parts of the adjacent genes. The reaction products were analysed on a 1% agarose gel. Fragment lengths of the DNA standard (S) are given on the left. Fig. 7 . Determination of the transcriptional start site of ORF hp1019 and the amount of hp1019-specific transcript in H. pylori strains grown at neutral pH or exposed to pH 5. (A) Primer extension analysis was performed on equal amounts of total RNA extracted from H. pylori G27 grown at neutral pH and pH 5 (lanes 1 and 2), G27/HP165::km grown at neutral pH and pH 5 (lanes 3 and 4) and G27/P cagA 166 grown at neutral pH (lane 5). (B) Primer extension was carried out on equal amounts of RNA extracted from H. pylori 26695 and 26695/HP1021::km grown at neutral pH (lanes 1 and 3) and exposed to pH 5.0 (lanes 2 and 4) . RNA was hybridized with the radiolabelled oligonucleotide HP1018PE. A sequencing reaction was performed with the same primer on template pUC-1019PE (lanes T, G, C and A). The transcriptional start point is marked by an arrow on the right. (C) The deduced promoter sequence of hp1019 is shown. The transcription initiation sites mapped by primer extension (P) and 5 0 -RACE (R) are indicated by bent arrows. Putative )10 promoter elements are boxed or shown in italics. a )10 box with any similarity to the promoter consensus sequence (Fig. 7) . To test whether the P htrA -promoter is regulated in response to acidic pH and whether the HP166-HP165 two-component system might be involved in such a regulation, we analysed transcription of htrA in H. pylori strains G27 and G27/HP165::km which were either grown at neutral pH or were exposed to acid. Fig. 7A shows that transcription from the P htrA -promoter is induced about tenfold upon acid exposure in both G27 and G27/HP165::km. These data demonstrate that pH regulation of the P htrA -promoter is mediated by a regulatory system which is different from HP166-HP165. The observation that transcription of htrA is not increased in strain G27/P cagA 166 overexpressing response regulator HP166 further supports this conclusion (Fig. 7A) . We also investigated whether transcription from the P htrA -promoter is autoregulated by response regulator HP1021. Since the knockout mutant G27/ HP1021::km shows a severe growth defect, we constructed a derivative of H. pylori 26695 with a deletion of ORF hp1021 which turned out to be less retarded in its growth on both blood agar plates and in liquid broth than the mutant in the G27 background. As shown in Fig. 7B transcription from the P htrA -promoter is similar in 26695 and 26695/HP1021::km regardless of whether cells were grown under standard conditions or were exposed to low pH, suggesting that HP1021 is not involved in autoregulation. Furthermore, analysis of transcription from the P ureA -promoter in strains 26695 and 26695/HP1021::km revealed that response regulator HP1021 is not required for acid-induced expression of urease, since transcript levels were identical in the wildtype and mutant strains when grown at neutral and acidic pH, respectively (Fig. 5B ).
Discussion
Using global transcriptome analysis, it was shown recently that transcription of a large number of genes is activated or repressed when H. pylori is exposed to acidic pH [21, 22] . Several of the acid regulated genes had been identified previously as target genes of the twocomponent system HP166-HP165 and it was concluded that the target promoters P 119 , P 1432 and P 1408 are activated by the phosphorylated response regulator HP166-P since transcription from these promoters was strongly reduced or no longer detectable in H. pylori strains with a deletion of hp165 which were grown at neutral pH [24, 25] . Our observation that overexpression of response regulator HP166 strongly increases transcription from the P 119 and P 1432 promoters only in the presence of the histidine kinase HP165 (Fig. 3) argues in favour of this hypothesis. Here, we demonstrate that acid-induced transcription of hp119 and hp1432 which was observed in the transcriptome analysis performed by Merrell et al. [21] is directed by the same promoters which are active at neutral pH and is strictly dependent on the presence of histidine kinase HP165 (Fig. 1A and B) , suggesting that HP165 is a pH sensor which modulates either its autokinase activity or a phosphatase activity on HP166-P in response to acidity. Accordingly, the P 1408 -promoter which shares a consensus binding motif for response regulator HP166-P with the P 119 and P 1432 promoters was shown here to be regulated by acidic pH (Fig. 1C) , although acid-induced transcription from this promoter had not been detected by microarray analysis [21, 22] .
Interestingly, Wen et al. [22] detected a twofold increase in the amount of transcript of hp165 at pH 6.2, 5.5 and 4.5 as well as a fourfold induction in transcription of the cognate response regulator gene hp166 which was observed only at pH 4.5, while Merrell et al. [21] did not report any acid response in the expression of the regulatory genes. We have shown recently that the genes encoding the two-component system HP166-HP165 are cotranscribed from a promoter located upstream of hp166 [24] . Therefore, differential expression of response regulator and histidine kinase in response to pH would require intricate regulatory mechanisms which might involve transcript stability as recently demonstrated in case of urease expression [34] . Furthermore, a binding site for HP166-P is located downstream of the P 166 -promoter, suggesting negative autoregulation of the two-component system HP166-HP165 [24] which would result in decreased transcription under conditions which stimulate the kinase activity of HP165. We did not observe a significant difference in transcription from the P 166 -promoter in H. pylori cells which were exposed to pH 5 for 1 h (data not shown), however, transcription from this promoter in strain G27/P cagA 166 overexpressing HP166 was clearly reduced (Fig. 2) .
Urease activity, which is regulated in a complex way in response to acidity by the pH-gated channel protein UreI, is vital for acid resistance of H. pylori [11, 12] . Urease is expressed at high levels and comprises up to 10% of the total cell protein when bacteria are grown at neutral pH [35] . The P ureA -promoter consists of a )10 element (TACAAT) with high similarities to the E. coli )10 promoter consensus motif, an extended )10 TG motif and a predicted )35 motif of the sequence TTAATC and directs mainly the transcription of ureAB but readthrough into the downstream ureIEFGH operon is also observed [34, 36] . Mutational analysis of the P ureA -promoter showed that these promoter elements are required for transcription of ureAB while deletion of sequences upstream of the )35 motif had no effect on the basal expression of urease under standard laboratory growth conditions [36] . However, a 19-bp palindromic sequence ranging from position )49 to )67 relative to the transcriptional start site of ureA is re-quired for nickel-responsive induction of ureA transcription [37, 38] . This palindrome is supposed to be the binding site of the pleiotropic nickel-dependent regulator NikR which in the presence of high Ni 2þ concentrations acts as transcriptional activator of the P ureA -promoter [37, 39] . In line with the hypothesis that basal ureA transcription is mainly directed from the core promoter described above we noted only a slight decrease in the amount of ureA transcript in the histidine kinase mutant G27/HP165::km grown at neutral pH. Here, we demonstrate that the acid-induced increase in the expression of urease which was observed both on the transcriptional and translational level [21, 40] is largely mediated by the HP166-HP165 two-component system (Fig. 5A ). The ureAB transcripts from H. pylori cells grown at acidic and neutral pH, respectively, have identical 5 0 -ends (Fig. 5) , suggesting that response regulator HP166-P stimulates transcription from the wellcharacterized P ureA -promoter. The P 1408 -and P 119 -target promoters which are activated by HP166-P but are transcribed at a very low level in H. pylori grown under standard conditions exhibit a 26-bp consensus binding site for HP166-P overlapping the )35 promoter element [24] and a similar motif is also present at the same position in the P 1432 -promoter (Fig. 4) . This motif is not detected in the upstream region of the P ureA -promoter and, therefore, we cannot rule out the possibility that the HP166-HP165 two-component system exerts an indirect effect on the P ureA -promoter by modulating the expression of another regulatory factor in response to pH. However, considering the restricted repertoire of predicted regulatory genes in H. pylori this possibility seems rather unlikely. Here, we demonstrate that response regulator HP1021 whose expression is induced at low pH is not involved in transcriptional control of the P ureA -promoter (Fig. 5B) .
Interestingly, in the microarray analysis performed by Merrell et al. [21] , the P 119 -promoter and the P ureA -promoter showed a different kinetics of acid induction since transcription from the former promoter is strongly induced after 30 min of acid exposure and is declining at later time points while the amount of ureAB transcript is maximal 90 min after the shift to low pH. However, it has been shown previously that acidic pH increases the stability of the ure transcripts [34] and, therefore, the observation regarding ureAB transcript accumulation made by Merrell et al. [21] might reflect different regulatory phenomena. From the recent data it is becoming increasingly evident that expression of the essential colonization factor urease which formerly had been considered constitutive is subject to an intricate regulatory network involving expression control in response to different environmental stimuli on both the transcriptional and post-transcriptional level.
Helicobacter pylori encodes two orphan response regulator genes, hp1043 and hp1021, which turned out to have important functions. Deletion of hp1043 is lethal, whereas deletion of hp1021 results in a small colony phenotype of bacteria grown on blood agar plates [26, 27] . Interestingly, Merrell et al. [21] reported that in H. pylori G27 transcription of hp1021 is induced at low pH. We demonstrate that in H. pylori G27 ORF hp1021 is part of an operon comprising also the htrA gene and ORF hp1020 which is transcribed from an acid-inducible promoter located upstream of htrA (Figs. 6 and 7) . This is in accordance with the observation of Merrell et al. [21] that transcription of hp1020 and htrA is also increased in response to acid. Acid-induction of the P htrA -promoter did not require histidine kinase HP165 (Fig. 7A) . These data suggest that in H. pylori in addition to the two-component system HP166-HP165 other control systems must be involved in pH-dependent regulation of transcription. Since acid-induced transcription from the P htrA -promoter was the same in strains H. pylori 26695 and 26695/HP1021::km, we can exclude that HP1021 is an acid-responsive regulator of its own expression.
As partly different or even contradictory results were obtained in microarray analyses performed on different H. pylori strains exposed to acid [21, 22] and H. pylori strains with a deletion of histidine kinase ORF hp165 [25] strain-specific differences in transcriptional regulation have to be considered in this organism despite the general paucity of regulatory genes. Transcriptome analysis of H. pylori strains lacking the histidine kinase gene hp165 which were exposed to acid will clearly help to define the complete regulon controlled by the HP166-HP165 two-component system which we propose to rename arsRS (acid responsive signalling).
